ABSTRACT -Despite tremendous advancements in the livestock sector, additional opportunities exist to improve even further livestock production around the globe. Forecasting is not an exact science and it relies heavily on past and current knowledge. Improvements in the nutritional sciences (both human and animal) include a better understanding of agents that cause deterioration of human health, improving the quality of animal products, applying effective fetal programming, developing new feeds and feeding strategies, and revisiting longstanding technologies. Improvements in the understanding of the rumen microbiome will enable scientists to increase the fermentation efficiency and, hopefully, select microbial species of greater interest. Improvements in remote sensing and ground-based instrumentation, telecommunications, and weather forecasting technologies will aid in the continued improvements of early warning systems to assist livestock producers in reducing risk and adapting to the changing environment. Broad utilization of sensor technologies will allow scientists to collect real-time data and, when combined with mathematical modeling, decision support systems will become an indispensable managerial tool for livestock production with the possibility to automate low-level decisions on the farm, such as supplementation schedules, sorting of animals, and early detection of disease and outbreaks. The identification of feed efficient animals may be the single most impactful advancement towards long-term livestock sustainability and the promise of feeding the world animal products. We contend that education across societal levels is the first step to solve current and future challenges of the livestock industry. The dilemma has been who will take the first step forward.
Introduction
The only certainty about forecasting the future is that it is a risky practice. Every so often, in many branches of science, we find ourselves predicting the future, but then later explaining what went wrong with our predictions. Planning ahead, however, is necessary to achieve successful stewardship towards the evolution of humankind.
Forecasting involves knowledge of the past to predict the future, but this approach has some risks that are too often ignored. These risks exist mainly because even the most accurate and precise explanation of past events does not guarantee flawless future predictions; and yet, current scientific knowledge is the most valuable tool we have for forecasting. The question is: how science will progress in animal nutrition, especially meat production, in the next 40 years? Contemporary issues of a specific science field can, with a certain degree of accuracy, provide a good assessment of what the future holds.
Solutions to ameliorate many contemporary issues include growth-enhancement technologies (implants and hormones), bacteriophages, plant extracts as anaerobic fermentation and metabolic modifiers, improved nutrient requirements, selection for feed efficient animals, intestinal microbiome modification, sensor technologies, integrated modeling and simulation platforms, and the exploration and preservation of global animal biodiversity. However, animal scientists must keep up with cutting edge technology to improve animal production within the sustainable livestock intensification boundaries (i.e., economic, environment, social) , without forgetting that the main purpose of livestock production is to efficiently provide affordable, high-quality protein food to an estimated 9.55 billion people by 2050 (United Nations, 2013), while competing for prime resources (land, water, and energy) under a conceivable climate change scenario (Godfray et al., 2010) .
In a companion paper, Tedeschi et al. (2017) discussed major challenges the animal industry has confronted in the past and challenges that will likely hassle the animal industry despite tremendous advancements and transformations in the livestock business. Briefly, the main public concerns are animal health and welfare, antibiotic resistance as a potential threat to human health, and food safety/quality have further intensified the challenge of producing animalprotein foods in an economic, environmentally, and socially sustainable manner. The Food and Agriculture Organization's (FAO) Climate Change, Agriculture, and Food Security research program (https://ccafs.cgiar.org/) provides additional information on this topic. This paper will focus on identifying possible tools and practices that can be used to solve the past and future challenges in the animal industry, especially in the beef cattle sector.
Current and future solutions
From the nutritional point of view, the principles of energy metabolism, nutrient utilization by animal tissues, and rumen microbiology have not changed since they were discovered 30 to 60 years ago (Ferrell and Oltjen, 2008; Johnson et al., 2003; Poppi and McLennan, 2010) , but the ways we collect data to develop and apply them have evolved. However, even with more data in hand, we are failing to use them appropriately. Formation of national committees to summarize scientific data and develop sound recommendations has fallen behind to unforeseen levels. The French feeding standard by the Institut National de la Recherche Agronomique (INRA) took 19 years to be revised (1988 to 2007) ; the Australian feeding standards by the Standing Committee on Agriculture took 17 years to be updated (1990 to 2007) ; the revisions of the United States' Nutrient Requirements of Domestic Animals series by the National Research Council (NRC) and the National Academies of Sciences, Engineering, and Medicine (NASEM) was delayed 26 years for goats (1981 to 2007) , 22 years for sheep (1985 to 2007) , 20 years for beef (1996 to 2016), and likely 16 years for dairy (2001 to 2017) . Many other feeding standards have simply not yet been revised despite tremendous progress in the fields of mathematical modeling and statistical analysis and data availability. In fact, we can collect more data today than ever. Big data has become a reality in all industrial and commercial sectors, including agriculture, and it is transforming how we see the world through sensor technologies, satellite imagery, global positioning system, near infrared, wireless communications, and many more technological advancements (Marr, 2015) .
Markets for meat of grain-fed ruminants may face environmental and socio-cultural challenges in the future. Although these markets are currently centered in affluent regions such as North America, Australia, and Europe, they represent a socially and environmentally suspect production mode vis-à-vis grass-fed ruminants or grain-fed monogastrics throughout the world (Van Kernebeek et al., 2016) and the possible negative effects on land degradation and biodiversity (Machovina et al., 2015) . Understanding socio-cultural limitations and opportunities to reduce grain in sheep or beef feedlot diets will require multi-disciplinary research and education efforts that focus on socioeconomic questions as much as soil-plant-animal aspects (Steiner et al., 2014) . This could involve stepping back from the current beef and sheep focus on carcass and meat qualities to prioritize instead genetic selection for fiber conversion, pasture-use efficiency, and meat rather than fat content or tenderness.
Food production from grasslands can be far more resilient if the gap among research ideals, land manager realities, and market demands diminishes. The tools to span this gap encompass physical, social, and economic sciences that analyze not just production constraints, but also social and cultural factors (Steiner et al., 2014) . This will require the more direct participation of the land manager in identifying constraints, designing solutions, testing results, and marketing the benefits (Ndove et al., 2004) , especially in mixed farming systems that are already important in much of the world and may become more important in other areas that currently focus on monocultures (González-García et al., 2012) .
Many of the issues highlighted by Tedeschi et al. (2017) and discussed above behave like a wicked problem; they have "… the essential characteristic that it is not solvable; it can only be managed" (Rittel and Webber, 1973) . This type of problem requires the combination of knowledge, innovation, and transdisciplinary scholarship to be dealt with (Peterson, 2013) . Next, we highlight some ideas that might provide opportunities to deal with these issues.
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Nutritional and feeding opportunities
The discussion surrounding nutritional and feed opportunities relies much on what the prospects of future changes within the livestock industry are. For instance, beef productivity has increased substantially in the past 50 years through the adoption of grain-feeding production systems; nutrition, reproductive, and pharmaceutical-based technologies; and crossbreeding and selection programs focused on output traits (Elam and Preston, 2004) . In contrast to poultry and pork industries, advances in beef productivity have been achieved in the absence of direct selection to improve feed efficiency. Poppi and McLennan (2010) recommended specific areas for nutritional research to meet future challenges such as production systems to meet market weight for age specifications, growth paths and compensatory growth, skeletal growth, parasite control, supplementation of fatty acid isomers, adaptation to low crude protein (CP) diets, rumen microbial ecology, epigenetics, remote data acquisition and animal management, greenhouse gas (GHG) emissions, and C balance of various production systems. In the nutrition research aspects, the NASEM (2016) listed many future areas of needed information, including better characterization of dietary carbohydrates and lipids; protein requirements for maintenance and growth and their use efficiency; relationships between energy for maintenance and environmental factors (e.g., global warming, GHG emission); and beef quality and safety. The increased public pressure on governmental agencies to more closely regulate air and water quality, food safety issues, GHG emissions, and animal welfare of the perceived "factory farming" has directed some research related to nutrition and feeding of livestock, such as animal traceability and liability associated with foodborne pathogens, use of pharmacological technologies, and concentrated feeding operations in the United States (Galyean et al., 2011) .
The beef industry in North America may have to increase the grazing period of animals or feed more than the current 10% of forage (Vasconcelos and Galyean, 2007) in the feedyards to keep up with "organically produced" beef. This activity, however, would increase methane (CH 4 ) emission and the land required to produce the same amount of beef (Capper and Cady, 2010) . Nonetheless, the notion that the beef industry in this region of the world is based on grain-based diets is not entirely correct; about 81% of the total feed needed to finish one U.S. steer comes from forage when considering the complete production cycle (cow and calf) (NASEM, 2016).
Innovative supplementation, especially protein, for grazing animals will become even more important as other industries increase competition for the same resources, raising commodity price and decreasing availability. Novel protein sources, such as on-farm produced algae (Poppi and McLennan, 2010) , might prove worthy of investment by the livestock industry.
Do growth-enhancement additives and other pharmaceutical drugs play a role in the future? Innovative drugs such as 3-nitrooxypropanol (Romero-Perez et al., 2014) are promising opportunities to not only decrease CH 4 emission, but also to increase energy availability for growth. Other "natural" products, such as condensed tannins, saponins, and alkaloids, should be further investigated . It is worthwhile to revisit "old" technologies to solve current and future problems, such as alkali or probiotic treatment of straw to increase digestibility or feeding hot-climate tolerant plants (e.g., cassava, cactus leaves) to livestock.
Rediscovering the grazing ruminant
There are many distinct morphophysiological attributes that assure ruminants tremendous evolutionary advantage for grazing and browsing when compared to non-ruminants, making them well adapted to thrive on grasslands under many diverse ecosystems (Gordon and Prins, 2008) . However, numerous benefits derive from healthy grasslands beyond simple ruminant nutrition. These include stable soils and hydrology, protected biodiversity, climate change mitigation, and even socio-cultural services (Boval and Dixon, 2012) . Our challenge in the future will be to catalogue and quantify these to vouchsafe ecosystems dominated by ruminants, whether native or domesticated. Meat is only one benefit from ecosystems in which ruminants thrive. Researching and divulging fine-tuned grassland management that avoids issues, such as overgrazing or invasive species, can enhance those ecosystem services. The Brazilian generally low input browse-(goats) and grass-fed (beef) production systems (Lobato et al., 2014) , if fine-tuned to address other ecosystem concerns such as deforestation or surface-water quality, could provide a useful guide.
Although legumes have long been promoted as a sustainable protein source for accompanying grasses and grazing ruminants in native, rangeland, or cultivated grasslands (Shelton et al., 2005) , their adoption has been sporadic (Muir et al., 2014) . Challenges that researchers and land managers alike have failed to address include establishment and competition in mixtures with grasses , as well as persistence under grazing (Muir et al., 2014) . Future emphasis on supplementing ruminants with forage legumes as protein sources rather than industrial sources (e.g., urea) or pulses (e.g., soybeans) may solve multiple concerns including human food scarcity, fossil fuel consumption, marginal farmland cultivation, water quality, biodiversity, and GHG emissions, to name but a few.
Integrating multiple canopies into native, rangeland, or cultivated pastures can improve ruminant nutrition (Singh and Kundu, 2010) , especially in the case of legumes. These shrubs and trees not only provide forage that is generally more digestible and greater in CP content than grasses, but they also fill feed gaps in seasons or drought years when shallow-rooted herbaceous plants fail to grow (Dubeux et al., 2015) . They also provide multiple additional benefits, products, and services to the environment, ruminants, and land managers (Franzel et al., 2014) . Rouquette et al. (2009) listed some research needs for the livestock production sector that rely on the animal-plantsoil interactions, including pasture systems and efficiency of production, interface with energy concerns, forage cultivar evaluations and persistence, and environmental impact. We contend that future challenges also include widening the range of germplasm currently available, fine-tuning the interaction among various canopies, and quantifying the nutritive value to ruminant production, including greater digestibility of fibrous, warm-climate C 4 grasses to a wider range of species beyond beef cattle. Specific research opportunities include assessing of forage nutritive value and availability to enhance performance of livestock, better understanding of rumen bacteria and fiber components to improve intake and digestion of forages, and developing early detection performance for grazing animals for decision-making purposes ). However, solutions for future livestock production that depend on the animal-plant-soil interactions are far beyond technical issues; they also include increasing the allocation of funding for scientists engaged in animal-forage teaching, research, and extension .
Early nutritional fetal programming
Many experiments have been conducted to quantify the requirements of energy, protein, and minerals of pregnant animals (Bell et al., 2005; Ferrell, 1991; Ferrell et al., 1976) and the impact of early calfhood nutrition on their reproductive development (Allen et al., 2012; Alves et al., 2015; Amstalden et al., 2014; Cardoso et al., 2014a; Cardoso et al., 2014b ). However, not until recently have scientists inquired about controlling the type and quality of the nutrition during fetus development and its long-lasting impacts on the growth and development of the newborn through adulthood: the fetal programming theory. Fetal programming is the process by which a positive (stimulus) or a negative (insult) signal, given during a critical time of the fetus development, will promote permanent changes on the structure, physiology, or metabolism of organs or systems that will ultimately influence the development of offspring (Mossa et al., 2015) . Gallo et al. (2013) believe, however, that in utero adverse exposures not only determines the health and performance of the unborn animal, but it also has far-reaching implications beyond the first, directly exposed generation. In the UK, for example, longer human life expectancy between 1751 and 1930 was attributed to improved childhood living conditions and the analysis of a series of other events led scientists to believe that environmental factors that impaired growth and development in early life resulted in increased risk of heart disease, culminating in the postulation of the "fetal or developmental origins" hypothesis (McMillen and Robinson, 2005) . Since the 1970s, animal scientists have recognized that metabolic alterations during the prenatal nutrition would impact postnatal productivity and possibly the health of livestock (Bell, 2006) , but no one has attempted to manipulate the maternal nutrition to "program" the fetus for postnatal performance.
Experimental evidence of fetal programming using livestock has been reported. From an endocrinological perspective, evidence includes predisposition of growthretarded neonates to develop insulin resistance, high plasma growth hormone concentrations in low-birth-weight lambs, and high plasma leptin concentration in rapidly fattening, low-birth-weight lambs right after postpartum (Bell et al., 2005) . From a practical perspective, as reported by Bell (2006) , prolonged ewe undernutrition before 110 days of gestation increases fetal adipose tissue and might increase the propensity of fatter yearling lambs; low-birth-weight lambs also had slower skeletal muscle growth. Epigenetic modifications of the genome through modifications in cytosine methylation in the promoter region of genes that prevent transcription and chromatin (i.e., DNA) remodeling (e.g., methylation, acetylation, and phosphorylation of histone proteins) is responsible for the fetal programming phenomenon, inducing different phenotypes (Gabory et al., 2009; Langley-Evans, 2006) and health outcomes in the adult phase (Moritz et al., 2008) .
Implications of fetal programming for the future of livestock production are immense, but feasible and relevant applications have yet to be discovered. Poppi and McLennan (2010) pointed out that benefits of fetal programming for human biomedical purposes do not necessarily translate into an immediate benefit to livestock production. The latter is more concerned with increased growth performance and carcass composition (Du et al., 2010) and reproductive development and function (Mossa et al., 2015) than insulin resistance (Gallo et al., 2013) and kidney development (Moritz et al., 2008) . Despite the scientific knowledge gained throughout these years, the discovery and elucidation phase of fetal programming is in its infancy and we will face a long and steep road ahead until we can securely make recommendations.
Selection strategies for efficient meat production
Remarkably, there is little evidence to indicate that genetic merit for feed efficiency or energy requirement maintenance in beef cattle have been favorably altered in the past 50 years (Archer et al., 1999; Johnson et al., 2003) . Since about two-thirds of the cost of producing beef is due to the expense of feed inputs, strategies that improve efficiency of feed utilization will substantially increase the economic viability of beef production systems. In fact, Weaber (apud Perkins et al., 2014) estimated that the U.S. beef industry could save $1 billion annually by reducing residual feed intake (RFI) by 10% (equivalent to reducing daily intake by 0.9 kg per animal). Furthermore, as improvements in feed efficiency will also reduce nutrient excretions and GHG emissions (Waghorn and Hegarty, 2011) , discovery and adoption of technologies to enhance genetic merit for feed efficiency is arguably one of the most cost-effective strategies available to meet future demands for animal protein in a more sustainable manner. While considerable genetic variation in feed efficiency both within and among beef cattle populations is known to exist, the absence of genetic progress is not surprising, given the industry's focus on output traits, cost of measuring feed intake, and the complex interactions that exist between various biotypes and production environments. The lack of an appropriate trait for use in selection programs has also curtailed genetic progress in feed efficiency. In beef cattle, inter-animal variation in RFI has been linked to differences in heat production, CH 4 , composition of gain, and digestibility, demonstrating that RFI is a complex trait controlled by numerous biological processes and thereby regulated by a large number of divergent genes (Bottje and Carstens, 2009; Herd and Arthur, 2009 ). Numerous studies have documented that cattle with low RFI phenotypes tend to be leaner. In growing bulls and heifers fed moderateenergy diets, genetic correlations between RFI and carcass backfat depth were weakly positive (Arthur et al., 2001; Lancaster et al., 2009; Schenkel et al., 2004) , whereas, in steers fed finishing diets, genetic correlations between RFI and backfat depth tended to be more moderate (Robinson and Oddy, 2004) . Zorzi et al. (2013) found that low-RFI Nellore bulls had higher myofibril fragmentation indexes and were tougher than high-RFI bulls. However, U.S. studies with Bos taurus cattle found that RFI was not associated phenotypically with calpastatin activity, shear force, or sensory panel tenderness scores of loin steaks (Baker et al., 2006; Behrens et al., 2011) . Hafla et al. (2012b) reported that low-RFI steers had lower yield grades (favorable) and quality grades (unfavorable) than high-RFI steers, but grid-formula-based carcass value was not affected by the RFI classification. Use of multi-trait selection indexes to identify terminal sires with superior genetic merit for RFI will improve efficiency and profitability of feedlot progeny with minimal effect on carcass value.
For North American calf-fed and yearling-fed integrated beef production systems, Basarab et al. (2012) estimated that the cowherd (cows, bulls, and replacements) requires approximately 82 and 64%, respectively, of total feed inputs. Thus, attempts to improve efficiency of feed utilization and profitability of beef cattle operations will need to focus on reducing cowherd feed inputs relative to system outputs. Archer et al. (2002) measured postweaning RFI in Angus, Hereford, and Shorthorn heifers and again in the same females as mature cows. Strong genetic correlations were observed between post-weaning RFI of heifers and feed intake and RFI (r g = 0.64 and 0.98) of mature open cows, although the corresponding phenotypic correlations were lower (r p = 0.34 and 0.40, respectively). A low negative genetic correlation between heifer RFI and mature cow weight (r g = -0.22) was observed, indicating that favorable selection based on post-weaning RFI will improve efficiency of feed utilization in cows with minimal effects on mature size. These results and those from more recent studies (Arthur et al., 2005; Basarab et al., 2007; Black et al., 2013; Hafla et al., 2013; MacDonald et al., 2014) demonstrate that post-weaning RFI of heifers is favorably associated phenotypically with efficient feed utilization by gestating and lactating cows, with minimal effects on productivity or reproductive performance. However, favorable selection for RFI may delay the onset of puberty in heifers, thereby increasing the age at first conception without negatively affecting subsequent reproductive performance of cows (Arthur et al., 2005; Basarab et al., 2007; Donoghue et al., 2011) . In support of these findings, Crowley et al. (2011) reported that RFI of bulls was not genetically correlated with the interval from calving to first service (r g = -0.03) or calving interval (r g = 0.01), but was negatively correlated (r g = -0.29) with age at first calving. Basarab et al. (2011) hypothesized that current protocols that measure RFI from 8-to-12-month olds may indirectly favor selection of slightly later maturing animals based on the premise that animals reaching puberty at the beginning of a test will have higher energy expenditures associated with sexual development and activity compared to contemporaries that reach puberty later. Although Basarab et al. (2011) originally observed lower pregnancy rates in low RFI heifers, these differences were no longer evident when RFI was adjusted for variation in backfat depth and feeding event frequency. These results imply that inter-animal variances in body-fat reserves and activity associated with stage of sexual development may need to be considered in assessing RFI of breeding heifers and bulls (Awda et al., 2013; Hafla et al., 2012a; Wang et al., 2012) to ensure that favorable selection for RFI does not negatively affect long-term reproductive performance of beef cattle.
The adoption of appropriate multi-trait selection indexes to identify cattle with superior genetic merit for RFI has considerable potential to improve life-cycle efficiency and profitability of production systems through reductions in costs of feed inputs without compromising the value of carcass outputs and reproductive efficiency. Moreover, substantial reductions in manure N and P excretion and GHG emissions can be achieved through implementation of RFI-based selection indices . While our understanding of RFI in growing cattle has advanced in recent years, our knowledge of the associations between RFI in growing cattle and efficiency of mature cows is limited. Moreover, the relative ranking of phenotypic RFI in growing cattle can vary when animals are switched from low-to highenergy diets (Durunna et al., 2011) . Given the increasing use of RFI to identify feed-efficient cattle, it will be important to better understand how phenotypic RFI is affected by changes in diet, climatic conditions, and stage of maturity.
Unfortunately, the cost of measuring feed intake remains a key barrier to widespread adoption of selection programs that incorporate RFI, which has prompted numerous candidate-gene-approach (Karisa et al., 2013) and genome-wide-association (Rolf et al., 2012) studies to identify RFI quantitative trait locus for marker-assisted selection programs. Although these studies have generated informative single nucleotide polymorphism (SNP), their current utility for selection programs is limited as causative SNP because RFI appear to be breed or population specific (Saatchi et al., 2014) . More recent studies (Jami et al., 2014; McCann et al., 2014b; Myer et al., 2015; Roehe et al., 2016) have highlighted interrelationships that exist between host animals with divergent phenotypes for feed efficiency and their rumen microbiome structure. These recent advances in microbiomics, as well as metabolomics (metabolite profiles; Karisa et al., 2014) , will drive discovery of more informative genomic markers for more accurate and robust selection for RFI across divergent cattle populations. Finally, advances in sensor technologies to enable individual-animal measurement of physiological (e.g., infrared thermography (IRT); Montanholi et al., 2009 ) and behavioral metrics (e.g., feeding behavior; Hafla et al., 2012a) associated with RFI will provide additional opportunities to identify phenotypic biomarkers that are predictive of RFI.
Rumen efficiency and rumen microbiome
A rumen that functions efficiently can supply all or most of the absorbed amino acids required by a ruminant animal and allow it to digest high-fiber-based diets. The rumen functions as an independent anaerobic fermentation chamber and the end-products of digestion are volatile fatty acids, used by the ruminant animal as absorbed energy substrates and microbial crude protein (MCP), which is digested and absorbed in the small intestine from the bacteria flushed out of the rumen. The rumen bacteria require a carbohydrate source to ferment and an N source to synthesize amino acids. The carbohydrate source can be plant cell walls (fiber of various fractions), starch, pectins, or sugars, but ruminants have a competitive advantage over monogastrics if they ferment fiber, because fiber cannot be digested by monogastrics. The net outcome to the host is the digestion (or rate of digestion of carbohydrate, often simply measured as dry matter (DM) or organic matter (OM) digestion, but more accurately should be measured as neutral detergent fiber digestion) and MCP production from the total microbial biomass growth either measured as total MCP growth (g/d) or efficiency of MCP production (EMCP) (grams of MCP per Mcal of fermentable metabolizable energy or grams of MCP per kilogram of digestible OM). The host animal is not concerned with what microbial species are present, but rather the net outcome of the fermentation process. Fermentation also produces CH 4 and, as discussed above, from an environmental perspective, CH 4 production from the rumen is a disadvantage and a waste of energy to the host animal. The key question is whether the microbiome (or rumen ecology) affects the net outcome of the process in terms of yield of energy substrates and MCP R. Bras. Zootec., 46(5): [452] [453] [454] [455] [456] [457] [458] [459] [460] [461] [462] [463] [464] [465] [466] [467] [468] [469] 2017 or whether the net outcome may be similar from a range of different rumen microbiomes.
The rumen has many microbes made up of bacteria, protozoa, and fungi and the populations per ml of ruminal fluid are very high. Over 50 years of study have shown relationships for the EMCP and Galyean and Tedeschi (2014) recently showed the variability in this value with a mean value of 130 g MCP/kg of total digestible nutrients. This is confirmed in other feeding standards, such as AFRC (1992), CSIRO (2007) , and Detmann et al. (2014) , which have reported similar values and ranges. Nevertheless, the range of values and accounting for this variability is important to the supply of nutrients to the host and Poppi et al. (1997) calculated that the range in EMCP, when N supply to the microbes is adequate, would result in a difference in 300 g/day live weight gain of beef steers. Similarly, differences in digestibility between individual animals and species, although small quantitatively, also result in differences in overall metabolizable energy intake (Ellis et al., 1999) . Thus, the current situation is that we understand responses in MCP and rate of DM digestion when a limiting nutrient, such as N, is supplied. We do not, however, understand the differences that occur between diets supposedly adequate in nutrients for microbial growth and between individuals or species of animals in terms of rate of digestion, EMCP, and CH 4 production per unit of fermented substrate. Hypothetically, this variation has generally been related to differences of microbial species within the rumen and this idea has some attraction. To understand whether this is a causative (one variable promotes a change to another variable directly) or an associative effect (variables are correlated, but not necessarily one alters the other), we require some knowledge of the microbiome that is present and if certain microbiome patterns are associated with highly efficient rumens in terms of rate of digestion, EMCP, and CH 4 production. In other words, a change in the microbiome does not imply a change in EMCP and viceversa, EMCP may differ but with the same microbiome. Whether shifts in the microbiome are always associated with or linked to changes in EMCP is not yet certain or perhaps even to be expected.
Only recently have methods become available for studying the rumen microbiome and the methods have developed rapidly from denaturing gradient gel electrophoresis (measuring dominant species only) to 454 pyrosequencing and, now, next generation sequencing. The latter enables thousands of species to be identified from dominant species to those less prevalent, which, nevertheless, might have an important role degrading specific compounds (e.g., mimosine and dihydroxypyridine in Leucaena). The difficulty is employing bioinformatics to make sense of the mass of data (i.e., big data). The important issue here is asking the right question and this must be centered around the concept that we are interested in the rumen output to the host and the species analysis must look for microbiome patterns or causative bacterial species interaction in terms of the cascade of nutrient digestion and flow along a species consortium.
We can make some general statements. Until recently we have only studied ruminant microbial dynamics using in vitro methods and identified in vivo about 15% of the actual species that are present (Mackie et al., 2002) . We have started to identify major bacterial groupings associated with diet (Larue et al., 2005) and shown that this can vary at least with dietary extremes of N and carbohydrate type. There are also bacterial patterns associated with high-and low-efficient phenotype animals (Hernandez-Sanabria et al., 2010; McCann et al., 2014b) and there are archaea patterns associated with high and low CH 4 -emitting animals (Hegarty et al., 2007; Ouwerkerk et al., 2008) .
If the causative association between patterns of species in the rumen and efficient rumens defined by whatever output of interest (digestion, EMCP, CH 4 ) is established, and it has not been established yet, then this opens up a completely new area for manipulating the rumen. The approach would be to identify the nutrients to which a consortia of bacteria respond and aim to manipulate the consortia of bacteria which are associated with highly efficient rumens. Efficient bacteria (in terms of rumen output) may be limited by the supply of key nutrients, identification of which enables them to be supplied. This raises the question of whether a microbiome pattern responds differently in simple mass action terms (the traditional approach to determining N requirement per Mcal of fermentable ME) or has different mass requirements based on the metabolic interactions of a consortia of bacteria. In addition, does the microbiome change in a predictable fashion to variation in the diet? The association between a microbiome pattern associated with high and low efficient host phenotypes or high and low host CH 4 emitters suggests that the host genotype also has an influence over and above that of diet alone. Such observations also beg the question of when after birth these different rumen microbiomes are established and if that is influenced by the host or by a random population initiation which then sets a general lifelong which may be varied to a limited extent but is largely set by the initial pattern. These are all fundamental rumen ecology questions: How is a population established after birth? How is it controlled by the host? How does it respond to diet? And, finally, does it matter to rumen function? Some examples illustrate these issues. A number of studies illustrate that the rumen microbiome varies with diet. Larue et al. (2005) conducted one of the first studies and demonstrated a difference between animals fed grassand those fed starch-containing diets. More recent examples have shown microbiome differences associated with diet, such as carbohydrate source (Shaw et al., 2015) and protein or N source (Bento et al., 2015) , novel protein meals such as algae (Harper et al., 2010; McCann et al., 2014a) , and inherent variability between animals (Durso et al., 2010; Martinez et al., 2010) . It is important to understand that these relationships are still associative and not in all cases has there been a change in efficiency of rumen function, especially in terms of EMCP, but rather an associative change in response to diet. Therefore, different diets may result in diverse microbiomes as the microbiome pattern responds to the supply of fermentative substrates, but not necessarily result in different efficiency of rumen function.
The rumen microbiome also changes in response to host phenotypes, which vary in efficiency, but the extent to which that is causative or associative is not clear (Hernandez-Sanabria et al., 2010) . The rumen microbiome is also different between host phenotypes that are high-or low-CH 4 emitters (Hegarty et al., 2007) . This is associated with differences in archaea population Ouwerkerk et al., 2008) and, in this case, one could argue for a causal relationship between these species and CH 4 production, but it is not understood how these different microbiomes arise, i.e., randomly at birth or determined by the host.
The development of a mature microbiome from birth has been little studied. Recently, Rey et al. (2014) and De Barbieri et al. (2015) have shown that there is a pattern of establishment and that this can be influenced by the species that are initiated into the microbiome soon after birth from maternal or other sources. This is a fascinating field of study opening up the possibility of long-term manipulation of the rumen microbiome. Bacteriophages offer another means of manipulating the rumen microbiome if we understood what microbiome pattern we need to generate to improve the efficiency of rumen function. This is a completely new field of study in rumen microbiology.
Early warning systems
Given the increasing uncertainty and risk associated with livestock production, early warning systems (EWS) can play a critical role in providing near real-time information needed to assess risk and assist in adaptive management decision making, as well as provide information needed to reduce impacts to ecosystem services. Early warning systems can be defined as a framework for monitoring that is designed to avoid, or at least to minimize, the impact of natural or human-induced threats to humans, property, the environment, or livelihoods (Medina-Cetina and Nadim, 2008) . Generally, EWS are comprised of four core components, according to the International Early Warning Programme (http://www.unisdr.org/2006/ppew/ iewp/IEWP-brochure.pdf): risk knowledge, monitoring and warning, dissemination and communication, and response capability. The risk knowledge component requires data collection and assessments of hazards and vulnerabilities, in addition to evaluating patterns and trends in the data. Monitoring and warning require that services be put into place to provide warnings in a timely manner and that they have some level of accuracy and scientific basis. The early warning information must also be communicated in a way that provides clear, understandable, and usable information that identifies the risks. Communications and warnings must also be available to all of those who are at risk. Lastly, response capabilities need to be in place at the levels of scale appropriate for the hazards being monitored and stakeholders trained to react to the early warning information provided (Basher, 2006) .
For most cattle, sheep, and goat livestock production systems, drought poses a risk and adaptive management challenges that EWS can provide critical information. Drought impacts that influence livestock production can include reductions in both quantity and quality of forage on grazing lands, as well as reductions in feed crop production and water availability. Using traditional field assessments, near real-time assessment, and characterization of livestock forage and water is problematic, given the time and resources required to conduct accurate assessments of forage productivity and water availability over large landscapes (Angerer, 2012b) .
Integrated remote sensing, geographical information system, and simulation modeling approaches generally use climate and remote sensing data as inputs to simulation models and then use geographical information system to synthesize outputs into useful maps and products for monitoring and early warning. In East Africa and Mongolia, regional livestock EWS provide pastoralists, policy makers, and other stakeholders with information on emerging forage conditions to improve risk management and adaptive management decision-making (Angerer, 2012a; Stuth et al., 2003; Stuth et al., 2005) . These systems use a simulation model driven by remotely sensed climate data and data collected periodically from a series of field monitoring sites across the region. Geographical information system, forecasting, and geostatistical methods are used to produce current and near-term forecast maps (Alhamad et al., 2007) of available forage and anomalies (Figure 1 ) that are coded to early warning categories.
Forage quality assessment is as important as the assessment of forage quantity. During the past 20 years, near infrared reflectance spectroscopy (NIRS) scanning of livestock feces has emerged as a reliable tool for assessing the quality of forage grazed by ruminants (Dixon and Coates, 2010; Leite and Stuth, 1995; Li et al., 2007; Lyons and Stuth, 1992; Stuth et al., 1991) . Remote sensing-based approaches for forage quality estimation will require additional study to be effective in an EWS framework. Early warning systems for monitoring livestock water are important in arid and semi-arid regions where livestock herding is predominant and herders are dependent on surface tanks and ponds to water livestock. In Sub-Saharan Africa, surface ponds and tanks are delineated using remote sensing image analysis and field data collection (Senay et al., 2013; Velpuri et al., 2014) . In Kenya, local monitors also provide information from the field for periodic model verification, as well as to provide information on numbers and kinds of animals using the water source, livestock body condition, and community concerns.
Livestock disease outbreak and spread is another area in which EWS can play an effective role in reducing risk and managing outbreaks. Food and Agriculture Organization, World Organization for Animal Health, and World Health Organization have implemented the Global Early Warning System for Major Animal Diseases Including Zoonosis (GLEWS) program to mitigate potential health threats at the human-animal ecosystems interface. The system uses monitoring data gathered from existing event-based surveillance systems including FAO's Global Animal Disease Information System (EMPRES-I; http://empresi.fao.org/empres-i/) (FAO et al., 2013) .
With changing land use and efforts by groups to reduce livestock numbers globally due to potential impacts of livestock on GHG emissions, ecosystem services, and land degradation, an increased vegetation biomass resulting from livestock removal can increase wildfire risk. Because livestock grazes the plant material considered "fine fuels" (i.e., plant material with a high surface area to volume ratio that dries readily and is rapidly consumed by fire when dry), the amount of fine fuels can be reduced. A recent study Points on the map depict field monitoring site locations. using targeted grazing found that fire-spread rates could potentially be reduced by 50 to 60% with light grazing (Bruegger et al., 2016) . Livestock grazing can also create vegetation patchiness through variable levels of grazing intensity across the landscape, thus creating discontinuities in fuel that retard fire spread (Taylor Jr, 2006) . Advances in technology such as LIDAR (Light Detection And Ranging) can assist in providing high-resolution quantification for biomass and land cover assessments (Bork and Su, 2007; Ku et al., 2012) and shows promise for mapping fuels in a three-dimensional fashion for wildfire risk detection (Mutlu et al., 2008; Peterson et al., 2015) . Bestelmeyer and Briske (2012) expressed the need to develop knowledge systems to support adaptation and transformation for resilience-based management on grazing lands. These knowledge systems should bring together, integrate, and mobilize technology and innovations from diverse sources to improve and support decision making. Given the diversity of issues facing livestock producers today and in the future, development of livestock information and knowledge systems that would incorporate data from a variety of monitoring systems, provide early warning and trend assessment, and incorporate scientific and local knowledge, would be beneficial in reducing risks and improving management.
Precision livestock farming
Precision livestock farming (PLF) is often referred to as "smart farming technology" and involves the use of sensor technologies to capture physiological, behavioral, and productivity measurements of individual animals to aid in the implementation of management strategies that can improve the overall performance of livestock production systems (Bewley, 2013) . The premise of PLF systems is that fully automated continuous monitoring of individual animals will enhance the ability of the producers to detect and manage animal health, productivity/ reproduction, and environmental-impact aspects of their livestock operations (Berckmans, 2015) . A non-inclusive list of sensor technologies (Bewley et al., 2015; Rutten et al., 2013; Theurer et al., 2013a; Wolfger et al., 2015d) developed for beef and dairy cattle applications include automated-scale technologies to measure milk yield and body weight; in-line sensors to measure milk components (fat); in-cow sensors to measure rumen temperature and pH (reticulorumen boluses); on-cow sensors to measure physical activity (pedometers, accelerometers), feeding behavior (ultra-wideband radio frequency identification), and rumination (accelerometers, acoustics); and off-cow sensors to measure skin-surface temperature (infrared thermography) and body-fat reserves (automated image analysis). The availability of novel and more cost-effective sensor technologies for PLF applications is expected to grow exponentially in the future due to the ongoing development of new sensor technologies primarily for non-agricultural applications and advances in computing systems (e.g., wireless communications, cloud storage).
Early preclinical detection is critical for effective antimicrobial treatment of bovine respiratory disease (BRD), but current detection methods rely on visual observations of clinical signs by feedlot personnel that are often unreliable as cattle are prey animals with inherent instincts to mask clinical signs of illness. In fact, White and Renter (2009) found sensitivity of visual observation of BRD detection was only 62%, demonstrating that BRD cases often go undetected or remain undetected until later in the disease process, when successful intervention is less likely and animal suffering has advanced. Moreover, the specificity of BRD detection is also low (63%), resulting in overuse of antimicrobial drugs. Recent advances in metabolomics (e.g., metabolite profiling) offer considerable promise for discovering more accurate preclinical biomarkers of infectious disease (De Buck et al., 2014) and metabolic disorders (Hailemariam et al., 2014) . However, the utility of these biomarkers will remain dependent upon initial detection of prospective clinically ill animals by livestock personnel, collection of biological samples, and rapid-test chute-side assays to be diagnostically relevant for livestock industries. Development of PLF systems that capture physiological and/or behavioral metrics for accurate preclinical detection of BRD would reduce the economic effect of this disease. Numerous temperature sensors have been deployed to monitor animal health status with reticulorumen boluses, tympanic thermistors, or infrared thermography (IRT). Timsit et al. (2011) and Adams et al. (2013) were able to detect BRD cases 0.5 to four days prior to visual clinical diagnosis with moderate sensitivities. Using a hand-held IRT camera to monitor maximumorbital temperature of calves, Schaefer et al. (2007) found that BRD could be detected four to six days prior to clinical diagnosis, with greater test efficiency (71 vs 55%), then by visual observation. Schaefer et al. (2012) deployed an automated IRT technology system (camera mounted above water trough) for continuous non-invasive monitoring of orbital temperature and found that test efficiency (93%) was high for preclinical detection of BRD.
Decrease in feed intake is one of the earliest indicators of the onset of clinical illness in cattle. A number of studies have demonstrated reductions in feed intake prior to onset of BRD in beef cattle (Jackson et al., 2016; Wolfger et al., 2015b) . While automated systems for measuring individual-animal feed intake are becoming more widely available, the prospects for commercial applications of these technologies for early disease detection are limited due to high investment and maintenance costs. However, changes in behavioral patterns associated with intake of feed and water are also early indicators of disease onset. Daniels et al. (2000) and Sowell et al. (1999) found that calves treated for BRD spent 23 to 42% less time at the feed bunk and had 10 to 36% fewer feeding bouts and 12 to 33% fewer drinking bouts compared with healthy calves. Utilizing a real-time location system based on ultra-wideband RFID technology, Theurer et al. (2013b) found that calves challenged with Mannheimia haemolytica spent less time in close proximity to the feed bunk and more time lying down than control calves. Additionally, other technologies for monitoring feeding behavior in cattle that utilize accelerometers attached to ear tags (Wolfger et al., 2015c) and feed bunk antennas that detect presence of passive RFID transponders that are attached to the front leg of cattle (Wolfger et al., 2015a) are being developed. Realtime behavioral-monitoring systems that accurately quantify feeding and drinking behavior activities have considerable potential for early detection of morbid cattle due to infectious disease and metabolic disorders (González et al., 2008) . Rutten et al. (2013) concluded that the performance of the sensor systems is highly variable and dependent on the choice of the gold standards used to confirm specific animal responses, the time resolution and accuracy of the sensors, and the selection and validity of the detection algorithms. In other words, sensor systems will be of limited value and become useless generators of data unless effective detection algorithms are developed to convert sensor data into meaningful animal-status information. De Vries and Reneau (2010) and Mertens et al. (2011) reviewed statistical-process control (SPC) procedures to capture value from automated real-time sensor systems for application in livestock production systems. While SPC procedures have been widely used in non-agricultural industries, few SPC applications to date have been developed for animal agriculture. Quimby et al. (2001) used SPC procedures to evaluate deviations in electronic feed bunk attendance data collected from calves at high risk for BRD. Based on controlchart detection of feeding duration, they reported that morbidity events could be predicted three to four days prior to detection of BRD by feedlot personnel, with an accuracy and positive-predictive values of 87 and 91%, respectively. In growing bulls that exhibited a spontaneous outbreak of BRD, Jackson (2015) used cumulative sum charts to evaluate individual-animal deviations in feed intake and feeding-behavior patterns relative to the day clinical illness was detected. Detection of SPC-model of BRD based on feed bunk attendance and head-down duration occurred 2.7 and 3.0 days prior to observed BRD diagnosis, with model accuracies of 87 and 89%, respectively. More recently, Moya et al. (2015) used nonlinear data-mining analysis of feeding behavior data to develop pattern-recognition-based algorithms to predict morbidity events in beef cattle. When validated against a naive group of calves, they were able to correctly predict the health status of high-risk calves with a model accuracy of 79%.
The integration of decision support systems (DSS) with physiological-and behavioral-based sensor technologies to monitor animal-health status in real time has considerable potential to mitigate the detrimental effects of infectious diseases, promote more judicious use of antimicrobials and improve animal welfare. Additionally, widespread adoption of these technologies would support earlyevent biosurveillance systems that, when integrated with GLEWS, would substantially reduce the risk of epidemics caused by foreign-animal and emerging disease threats. Beyond the application of PLF-based technologies for preclinical detection and mitigation of disease is their deployment to capture informative phenotypes associated with economically relevant traits such as disease resistance or efficiency of feed utilization by grazing livestock (Greenwood et al., 2016) . Advances in sensor and computational technologies will facilitate the largescale real-time collection of phenotypic traits that, when combined with "omics" technologies (Riggs et al., 2017) , will provide the considerable potential to advance genetic merit of livestock and further improve the level of precision of nutritional and management strategies.
Integrating genomics into nutrition modeling
Mathematical modeling is likely the best pragmatic way to integrate accumulated scientific knowledge into decisionsmart tools or DSS that can be used to optimize livestock production. Decision support systems are frequently used outside the scope for which they were developed and, in many situations, the necessary inputs are not available. In these situations, DSS might have satisfactory accuracy, but precision is somewhat substandard. Poppi and McLennan (2010) indicated that the use of (mathematical) models would allow less experienced nutritionists to understand and make recommendations under practical conditions. The data of six feeding experiments were used to evaluate the predictability of the Cornell Net Carbohydrate and Protein System , currently referred to as the Large Ruminant Nutrition System (http://nutritionmodels.com/ lrns.html) of growing young beef cattle fed different types of supplements (Poppi and McLennan, 2010) in Australia. They reported a general agreement between predicted and observed average daily gain and DM intake, but precision was low (i.e., wide variation surrounding the unity line). Tedeschi et al. (2014) developed a database containing available model inputs of lactating dairy cows published in studies conducted in six regions of the world (n = 19 for Africa, n = 45 for Asia, n = 16 for Europe, n = 12 for Latin America, n = 44 for North America, and n = 37 for Oceania) to compare the predictive adequacy of milk production of four nutrition models. Very few studies had the necessary information needed to properly utilize mechanistic systems and the authors concluded that not all of the models evaluated were suitable for predicting milk production across the diverse conditions (cattle, feed, management, and environment) of these studies. The authors concluded that simpler systems might be more resilient to variations in the quality of inputs and the variable production conditions around the world. Unfortunately, the low awareness and limited knowledge of nutrition models and their usage to design more efficient and profitable animal feeding and management systems are the main factors that further a negative perception of modeling and simulation . In hindsight, we have neglected these facts for a long time and very few nutritionists have been trained to use modeling and simulation to solve applied problems.
Within the sustainable livestock intensification theory, Tedeschi et al. (2015) ascertained that mathematical nutrition models are an important component of forecasting unforeseen variable relationships to quantify expected outcomes that might occur from alternative decisions. The more complex the relationships of the system, the greater the need to use a mathematical model to evaluate alternative solutions more quickly and cheaply.
When inputs are adequate, nutrition models have been used in large scale production scenarios for individual animal management to improve profitability (Guiroy et al., 2001) . Future possibilities to advance individual animal management include the use of genomic markers and remote sensor technologies to capture individualanimal genetic and phenotypic information, respectively, to identify divergent animals in animal performance and growth efficiency. Oltjen et al. (2000) integrated genetic parameters (breeding value) into a growth model Oltjen et al., 1986; Soboleva et al., 1999) . Recently, Tedeschi (2015) used SNP panels to improve the predictability of days on feed to reach desired carcass composition of growing beef cattle by the Cattle Value Discovery System . In their analysis, the inclusion of the molecular breeding value of ribeye area increased by 13% the precision to predict body weight at 28% empty body fat. Despite the development of new concepts for nutrition modeling, revisions of relationships established a long time ago are still needed for three reasons: collection of new data and incorporation with old data (Ellis et al., 2014; Galyean and Tedeschi, 2014) ; data used to develop past relationships were deemed deficient and/or were based on assumptions that do not hold anymore (Galyean et al., 2016) ; or more advanced mathematical and/or statistical analyses have been proposed (Moraes et al., 2014a; Moraes et al., 2014b) .
Conclusions
Achieving future global demands for animalsourced food in the face of finite natural resources and environmental-impact concerns will demand continued development and adoption of innovative technologies to further improve livestock productivity, refine resource-use efficiency, reduce animal-waste outputs, and foster sustainable use of our ruminant ecosystems. We described current and emerging technologies that can be used to ameliorate or solve the most challenging issues for livestock production that were addressed in a companion paper, including animal health and welfare, antibiotic resistance, and food safety/quality. Adoption of innovative technologies to advance management strategies and more precise diet formulation are needed to mitigate greenhouse gas emissions by ruminants, identify sustainable sources of protein feed (e.g., algae), and more effectively utilize marginal grassland. The continued use of omics technologies will enhance our understanding of fetal programming on animal performance and efficiency (e.g., residual feed intake), and the effect of the rumen microbiome on productivity, and efficiency of livestock to improve the quality of the animal product in sustainable systems. Precision livestock farming technologies have considerable potential to enable producers to make betterinformed management decisions, mitigate disease threats, and improve welfare and genetic merit of livestock. We believe that those livestock producers, who successfully implement business plans that adopt proven and novel technological advancements that produce animal protein more efficiently and responsibly, will provide for a growing and hungry human population.
